Introduction
The DNA mismatch repair is crucial for maintaining genome integrity in all organisms. In Escherichia coli (E. coli), this process corresponds to the methyl-directed MutHLS mismatch repair pathway. The repair is initiated by binding of a dimeric MutS protein to DNA regions containing a single-base mismatch, short deletion or insertion. 1, 2 In this study, we developed an electrochemical biosensor for gene mutation detection using the immobilized MutS protein as a recognition device.
We have already constructed a gene sensor for the detection of specific DNA sequence by immobilizing a DNA-binding domain (POU domain) of the transcriptional activator protein Oct-1 on an Au electrode. 3 For the oriented and reversible immobilization of the POU domain, we utilized the coordinate bond formation between histidine-tag (His-tag) at the Cterminus of the POU domain and Ni(II), resulting in the retention of its DNA-binding ability. The procedure was as follows: (1) disulfide-derivative of nitrilotriacetic acid (NTA) was immobilized onto the Au-electrode surface via chemisorption; (2) the complex between NTA derivative and Ni(II) was formed on the electrode; (3) the vacant coordination sites were subsequently filled with His-tag. In the present study, the MutS protein was immobilized onto the Au electrode in a similar manner.
For detecting double-stranded DNA (dsDNA) containing a single nucleotide mismatch captured by the MutS immobilized on the Au-electrode surface, we took advantage of "redox couple-mediated artificial ion-channel principle" proposed by Sugawara et al. 4, 5 Various biosensors based on this principle have been constructed for detecting biomolecules including oligonucleotides [6] [7] [8] [9] and ligands of receptors. [10] [11] [12] Using this principle, we detected dsDNA electrochemically by measuring redox peak currents on cyclic voltammogram of redox-active species. Figure 1 shows the schematic illustration of the MutS protein-immobilized Au electrode for detecting DNA. It was already reported that the MutS protein recognizes and binds to a DNA mismatch after the dimerization of the two MutS protein monomers. 13 High performance of the ion-channel sensor described here is realized by the combination of high specificity in the molecular recognition by the MutS protein and high sensitivity in the electrochemical detection. In addition, sample preparation is also made easier because the present method requires no chemical modification of target dsDNA.
Experimental

Preparation of a His-tagged MutS protein
The plasmid pMQ395 Amp  , which is a pMA372 derivative with N-terminal hisitidine-tag gene of pET15b fused to produce a His-tagged MutS protein, was a kind gift from Dr. Marinus (University of Massachusetts Medical School, Worcester). 14 The His-tagged MutS protein was expressed in E. coli BL21(DE3) Ply cells using the T7 expression system (pET system). E. coli BL21(DE3)pLysS containing the His-tagged MutS protein were grown overnight at 37˚C in 4 ml of Luria Broth supplemented with 100 µg/ml ampicillin. The cells suspension was diluted 100 times with fresh medium containing 100 µg/ml ampicillin, and the outgrowth was allowed to proceed to an optical density of 0.7 at 600 nm. Recombinant protein production was initiated by the addition of isopropyl 1-thio-β-D-galactopyranoside (IPTG; Wako Pure Chemical Industries Ltd.) to a final concentration of 50 µM; incubation was continued for 4 h at 27˚C. The cells were pelletized by A novel electrochemical biosensor was developed to detect gene mutation by using a DNA-mismatch binding protein: MutS from Escherichia coli. The MutS protein was immobilized onto an Au-electrode surface via complex formation between a histidine tag of the MutS protein and a thiol-modified nitrilotriacetic acid chemically adsorbed on the Auelectrode surface. When a target double-stranded DNA having a single-base mismatch was captured by the MutS protein on the electrode, some electrostatic repulsion arose between polyanionic DNA strands and anionic redox couple ions. Consequently, their redox peak currents on a cyclic voltammogram with the Au electrode drastically decreased, depending on the concentration of the target DNA, according to the redox couple-mediated artificial ion-channel principle. By using this assay, one can detect all types of single-base mismatch and single-base deletion. centrifugation at 4˚C. The pellet was resuspended in 10 ml of a lysis buffer (50 mM NaH2PO4-Na2HPO4 buffer (pH 8.0) containing 5 mM of β-mercaptoethanol, 0.1 mM of PMSF and 5 mM of NaMBS). The resulting suspension was frozen at -80˚C, then thawed at 37˚C, followed by sonication on ice (45 s, 300 W). DNase I and RNase A were added to give final concentration of 5 mg/ml and 1 mg/ml, respectively, and then the mixture was incubated for 30 min at 4˚C. NP-40 was added to the final concentration of 0.1% and NaCl to a final concentration of 300 mM. Cell fragments and insoluble materials were removed by centrifuging (10 min × 3 times, 15000 rpm) at 4˚C.
The recombinant protein was purified by affinity chromatography under native conditions. The supernatant containing soluble materials was loaded on a 5 ml Hitrap TM chelating column (Amersham Pharmacia Biotech). The column was washed with 20 ml of a washing buffer (50 mM NaH2PO4-NaOH buffer (pH 6.0) containing 300 mM of NaCl, 5 mM of β-mercaptoethanol, 0.1 mM of PMSF, 5 mM of NaMBS and 10% glycerol) followed by 20 ml of the washing buffer containing 80 mM of imidazole. The His-tagged MutS protein was eluted by the washing buffer containing 500 mM of imidazole. Fractions containing the His-tagged MutS protein were collected and loaded on a PD-10 desalting column. The His-tagged MutS protein was eluted by a storage buffer (20 mM NaH2PO4-NaOH buffer (pH 7.4) containing 100 mM of NaCl, 50 mM of KCl, 1 mM of DTT and 0.1 mM of PMSF). Concentration of the protein was determined by using the Bradford protein assay (Protein Quantification Kit-Rapid, Dojindo, Japan) with bovine serum albumin as the standard protein.
Immobilization of the His-tagged MutS protein onto an Auelectrode surface
A polished gold disk electrode (1.6 mm diameter, Bioanalytical Systems) was immersed in 30 µM of 3,3′-dithiobis(5-amino-carboxypentyl)propionamide-N′,N′-diacetic acid (disulfide-NTA, Dojindo) in chloroform for 10 min at 4˚C. The modified electrode was washed in chloroform and then dried with nitrogen. The electrode was washed in distilled water and then immersed in 0.1 M NiSO4 for 10 min at room temperature. The Au electrode modified with Ni(II)-NTA complex was immersed in 20 mM NaH2PO4-NaOH buffer (pH 7.4) containing 4 µg/ml of MutS protein, 100 mM of NaCl and 0.1 mM of PMSF for 10 min at 4˚C.
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Cyclic voltammetry
Cyclic voltammetry was performed using a Bioanalytical Systems Co. Model ALS410 potentiostat. A platinum wire electrode and a standard Ag/AgCl (saturated KCl) electrode were used as a counter electrode and a reference electrode, respectively. The CV measurements were performed in 50 mM HEPES-KOH buffer (pH 7.2) containing 100 mM of KCl and 5 mM of K3/4[Fe(CN)6] at room temperature.
Results and Discussion
Preparation of a MutS protein-immobilized Au electrode
The MutS protein was fixed to the Au-electrode surface via coordinate bond formation between His-tag and Ni(II)-NTA complex. First, the surface of an Au electrode was modified by formation of a self-assembled monolayer of disulfide-NTA through chemisorption of the disulfide group to gold. Second, Ni(II) was coordinated by the NTA moiety having 4 chelating sites to form the Ni(II)-NTA complex. Finally, 2 vacant sites of Ni(II) were occupied with imidazole from 6 histidine residues (His-tag) inserted genetically to the N-terminal part of a MutS protein. Affinities between His-tagged proteins and Ni(II)-NTA complex derivatives are sufficiently strong (Kd = 10 -13 M at pH 8.0). 15 The obtained Au-electrode surface is schematically depicted in Fig. 1 . In this figure, one recombinant MutS protein binding to one NTA moiety is provisionally illustrated. We cannot exclude the possibility that one recombinant MutS protein containing 6 histidine residues at the N-terminal part might bridge two or three NTA moieties.
Using cyclic voltammetry, we confirmed the immobilization of a His-tagged MutS protein to the Au-electrode surface. As shown in Fig. 2 , the peak current due to the reversible redox reaction of the marker ions ([Fe(CN)6] 4-/3-) decreased on the MutS protein-immobilized Au electrode as compared with that of a bare one. The significant decrease is attributable to a decrease in the local concentration of the marker ions above the electrode surface, mainly due to a steric hindrance effect of the immobilized MutS protein.
Detection of DNA mismatch using the MutS protein-immobilized Au electrode
In cyclic voltammograms of the MutS protein-immobilized electrode in the presence of 36 bp dsDNA containing a TG mismatch, a significant decrease of peak current of the marker ions was observed (Fig. 3a) . Sequences of dsDNA used in this study are shown in Fig. 4 . The decrease of the peak current is attributable to an electrostatic repulsion between the anionic marker ions and polyanionic dsDNAs captured by the MutS proteins on the electrode surface, as shown in Fig. 1 . The electrostatic repulsion decreased the local concentration of marker ions above the electrode surface. On the other hand, in the presence of 36 bp full-matched dsDNA, the peak currents slightly decreased (Fig. 3b) .
The relationship between the change of the cathodic peak current (∆Ipc) and the concentration of the target dsDNA is shown in Fig. 5 . The adsorption of target dsDNA toward the MutS protein-immobilized Au electrode was dependent on the concentration of the target dsDNA. The MutS proteinimmobilized Au electrode can be used for detecting 36 bp dsDNA having one-base deletion, as well as 36 bp DNA having a TG mismatch. The decrease of peak current for the bulge (one-base deletion) was higher than that for a TG mismatch. These results suggest that electrochemical response obtained by using the MutS protein-immobilized Au electrode enables us to distinguish the type of mutation.
Dependence of the peak current change on the length of target dsDNA
The length of target dsDNA can affect the sensitivity of the present detection method because the reduction of peak current is derived from electrostatic repulsion between the marker ions and dsDNA. We compared electrochemical responses among 665 ANALYTICAL SCIENCES MAY 2006, VOL. 22 36, 48 and 60 bp target dsDNA containing a TG mismatch (Fig.  6 ). The value of ∆Ipc increased with increasing length of dsDNA. In addition, we determined the lower detection limit of the present method using 60 bp dsDNA. Using this MutS protein-immobilized Au electrode, we found that the lower detection limit of the TG mismatch was around 500 fM (Fig. 7) , suggesting that the MutS protein-immobilized Au electrode is a useful device for detecting single-base mutation of DNA.
Dependence of the peak current change on the type of singlebase mismatch
Finally, we tried to detect all types of single-base mismatch with the MutS protein-immobilized Au electrode. As shown in Fig. 8 , we detected the larger values of ∆Ipc for all types of mismatch other than that for full-matched dsDNA, but we got a different response from each mismatch. The value of ∆Ipc observed for each mismatch decreased in the following order: TG > GG > AC = AA = AG > TT > CT > CC. This order was fairly consistent with that of the binding constants of MutS protein with single-base mismatched dsDNA. 16, 17 
Conclusion
By using a MutS protein as a recognition device, we developed a novel DNA biosensor for detecting a single-base mismatch based on redox couple-mediated artificial ion-channel principle. This electrochemical method has a potential for applications in gene diagnostics, and will enable us to detect rapidly and sensitively a single nucleotide mutation or polymorphism. 
